Monoubiquitinated histone H2B plays multiple roles in transcription activation. H2B is deubiquitinated by the Spt-Ada-Gcn5 acetyltransferase (SAGA) coactivator, which contains a four-protein subcomplex known as the deubiquitinating (DUB) module. The crystal structure of the Ubp8/Sgf11/Sus1/Sgf73 DUB module bound to a ubiquitinated nucleosome reveals that the DUB module primarily contacts H2A/H2B, with an arginine cluster on the Sgf11 zinc finger domain docking on the conserved H2A/H2B acidic patch. The Ubp8 catalytic domain mediates additional contacts with H2B, as well as with the conjugated ubiquitin. We find that the DUB module deubiquitinates H2B both in the context of the nucleosome and in H2A/H2B dimers complexed with the histone chaperone, FACT, suggesting that SAGA could target H2B at multiple stages of nucleosome disassembly and reassembly during transcription.
H istone modifications such as acetylation, methylation, phosphorylation, and ubiquitination regulate chromatin structure and interactions. Histone H2B monoubiquitination (H2B-Ub) at K123 in yeast, K120 in humans, is a transient modification that is a universal feature of genes that are actively transcribed by RNA polymerase II (1) . H2B-Ub plays a nondegradative role in transcription activation, elongation, mRNA splicing, and mRNA export, as well as in DNA replication and damage repair (2) . Histone H2B is monoubiquitinated by Rad6/Bre1 (3), which is required for H3K4 and H3K79 trimethylation (4, 5) . H2B-Ub also enhances recruitment of FACT (facilitates chromatin transcription) (6) , a histone chaperone that mediates H2A/H2B dimer eviction and nucleosome reassembly (7) . H2B is deubiquitinated by the SptAda-Gcn5 acetyltransferase (SAGA) coactivator complex (8) . The minimal SAGA subcomplex with deubiquitinating (DUB) activity is called the SAGA DUB module, which in yeast contains the catalytic subunit Ubp8 as well as Sgf11, Sus1, and the Sgf73 N-terminal~100 residues (8) (9) (10) . The DUB module is an independently folding subcomplex that is connected to the remainder of the SAGA complex by the C-terminal portion of Sgf73 (11) . The basic features of the yeast DUB module are conserved in human SAGA (12) . The structure of the yeast DUB module in the presence and absence of bound ubiquitin (9, 10) revealed a highly intertwined arrangement for the four subunits, with Sgf11, Sgf73, and Sus1 serving in part as scaffolds that help to maintain the Ubp8 catalytic domain in an active conformation (13, 14) .
We have determined the crystal structure of the DUB module bound to ubiquitinated nucleosomes at 3.9 Å resolution (table S1). The crystallized complex comprises two DUB module heterotetramers bound to a Xenopus laevis nucleosome core particle (NCP) containing two copies of H2B with ubiquitin attached to K120 of H2B (corresponding to K123 of yeast H2B) via a nonhydrolyzable dichloroacetone (DCA) linkage (details in materials and methods). Nucleosomes containing DCAlinked H2B-Ub inhibit DUB module cleavage of ubiquitin-AMC (7-amido-4-methylcoumarin) ( fig.  S1 ), indicating that the complex containing the DCA linkage mimics the catalytically competent complex. The DUB module in the crystals contains intact yeast Ubp8, Sgf11, and Sus1 and an N-terminal fragment of Sgf73 (residues 1 to 104) that is sufficient for full DUB module activity on nucleosomes (15) . Substitution of the Ubp8 activesite cysteine with alanine (C146A) was required to promote binding to nucleosomes containing DCA-linked H2B-Ub ( fig. S2 ). The structure was solved by molecular replacement using highresolution structures of the DUB module bound to ubiquitin (9) [Protein Data Bank (PDB): 3MHS] and the X. laevis nucleosome core particle (16) (PDB: 3LZ0). We validated the solution by zinc anomalous difference Fourier maps and a composite omit map of Sgf11, and by observing DUB module electron density using molecular replacement phases from a partial model (figs. S3 to S5)
The structure contains one DUB module bound to each face of the nucleosome, distal to the entry and exit sites of the nucleosomal DNA (Fig. 1) , with the overall structure of each DUB module essentially identical to that previously reported (9, 10) . Each DUB module is docked on the nucleosome in a virtually identical manner, indicating that the observed mode of binding is not governed by crystal contacts. No electron density is seen corresponding to the DCA linkage or for ubiquitin residue G76C. The interaction interface between the DUB module and the nucleosome is about 1000 Å 2 , while the surface buried by the conjugated ubiquitin and the catalytic domain of Ubp8 is~1650 Å 2 . The bound ubiquitin makes no apparent contacts with the nucleosome itself.
The DUB module engages the nucleosome almost exclusively through histones H2A and H2B ( Fig. 2A) . The catalytic lobe of the DUB module, which contains the ubiquitin-specific protease (USP) domain of Ubp8 and the Sgf11 zinc finger, contacts the C-terminal helix of H2B and the conserved acidic patch on H2A/H2B (17) . The nucleosome acidic patch is contacted by the Sgf11-ZnF ( Fig. 2A) , which is located near the Ubp8 active site and contains a cluster of arginine residues implicated in DUB module interactions with chromatin (9, 10, 18) . In contrast with proposed models in which the Sgf11 zinc finger contacts nucleosomal DNA (9, 18) , the DUB module is oriented with the basic Sgf11-ZnF docked on the H2A/H2B acidic patch ( Fig. 2B ) with an interface area of 610 Å 2 . The Sgf11 arginine residues, R78, R84, and R91 ( Fig. 2B) , that face the nucleosome acidic patch are conserved in the Drosophila and human homologs, dSgf11 and ATXN7L3, respectively. Although the resolution of the structure determination is insufficient to show side-chain density for the arginine side chains, salt-bridge interactions can be modeled between Sgf11 residues R78, R84, and R91 and acidic patch residues H2A-E64, H2B-E107, and H2A-E61, respectively (Fig. 2B) . The observed mode of nucleosome interactions, in which an arginine-rich motif interacts with the H2A/H2B acidic patch, has been observed in several complexes containing either a peptide or proteins bound to the nucleosome (17, (19) (20) (21) (22) . Despite this qualitative similarity between the DUB module and the nucleosome interactions mediated by Sir3-BAH (19), RCC1 (21) , and the PRC1 E2-E3 complex (22) , or by the LANA (17) and CENP-C (20) peptides, there appear to be no common structural features among these different complexes that specify binding to the acidic patch.
To validate the role of the Sgf11 zinc finger in targeting the DUB module to nucleosomes, we assayed the effects of alanine substitutions at each of the six Sgf11-ZnF arginine residues on deubiquitination of nucleosomes. For these in vitro assays, we used semisynthetic methods to generate H2B-Ub containing a native isopeptide linkage ( fig. S8 ). Substitutions of the three Sgf11 arginines located at the DUB module-nucleosome interface, R78A, R84A, and R91A, markedly reduce the rate at which the DUB module cleaves ubiquitin from H2B in nucleosomes (Fig. 2C ). By contrast, Sgf11 substitutions R95A, R98A, and R99A, which are located in a disordered C-terminal tail and are not predicted to be involved in nucleosome binding ( Fig. 2B) , do not have a substantial effect on DUB module activity. The deleterious effect of the Sgf11 arginine substitutions specifically affects targeting to the nucleosome, as none of the Sgf11 mutations tested has a substantial effect on cleavage of K48-linked diubiquitin, a nonspecific DUB module substrate that is cleaved at roughly 1 10 of Sgf11-ZnF residues R84 and R91 disrupt global H2B deubiquitination in vivo (10, 18) . Moreover, yeast bearing mutations in Sgf11 residues R84, R91, or the double R84/R91 mutant display growth defects when combined with gcn5 deletions (10), further consistent with the importance of these residues to DUB module activity.
To test the importance of the H2A/H2B acidic patch to the ability of the SAGA DUB module to deubiquitinate nucleosomal H2B, we assayed DUB module activity on ubiquitinated nucleosomes containing a mutation in the acidic patch. Deubiquitination of H2B in nucleosomes containing the mutant, H2A-E64R, is decreased by a factor of 100 as compared to deubiquitination of H2B in nucleosomes containing wild-type H2A (Fig. 2E) . The importance of the acidic patch is also consistent with a recent report that mutations in the H2A acidic patch give rise to defects in H2B ubiquitination downstream of ubiquitin conjugation (23) .
The C-terminal helix of H2B, which contains the ubiquitinated residue, K120 (corresponding to K123 in yeast H2B), lies in a depression centered at the Ubp8 active site (Fig. 3A) . The close approach of Ubp8 to the C-terminal H2B helix and calculated interface area of 376 Å 2 makes it likely that there are several intermolecular contacts along this interface. In particular, Ubp8 residue Y233 projects toward the C-terminal helix of H2B, with electron density corresponding to that of the tyrosine phenyl ring visible in all four copies of the interface in the crystallographic asymmetric unit ( fig. S6D ). Model building suggests that H2B residues H106 and S109 in the C-terminal helix of H2B could potentially form van der Waals or hydrogen-bonding interactions with Y233 (Fig. 3A) . The remainder of the DUB module is positioned too far from the nucleosome to mediate any contacts, with the exception of the "fingers region" of the Ubp8 ubiquitin-binding pocket, which projects toward the nucleosomal DNA (Fig. 3B) . Although no direct contacts can be observed due to resolution limits, model building suggests that Ubp8 residue R374 could form electrostatic contacts with the sugar-phosphate backbone of the nucleosomal DNA between bases -32 and -33 (Fig. 3B) . Both Y233 and R374 are conserved in fly and human homologs of Ubp8. Mutations Y233F and R374E or R374A in Ubp8 give rise to defects in module activity on nucleosomal H2B-Ub, but not K48-linked diubiquitin (Fig. 3, C and D) , suggesting that these residues mediate nucleosome contacts. The effects of the Ubp8 mutations are, however, not as severe as the effects of Sgf11-Znf substitutions in the basic patch (R78, R84, and R91), indicating that Sgf11 contacts with the nucleosome have a greater contribution to substrate specificity. To test the effect of the Ubp8 mutations in yeast, we utilized an assay that was previously used to show that mutations in Sgf11 arginine patch residues give rise to synthetic growth defects (10) . All three Ubp8 mutations show growth defects comparable to those of a Ubp8 catalytic mutation when combined with a gcn5 deletion, consistent with their proposed role in Ubp8 activity (Fig. 3E ).
In genes regulated by yeast SAGA, FACT binds to H2A/H2B and facilitates nucleosome disassembly and reassembly (24) , which is required to allow RNA polymerase to transcribe efficiently through chromatin. Recruitment of the FACT complex, Spt16/Pob3/Nhp6 (25) , is enhanced by H2B monoubiquitination (6), although it is not known whether ubiquitin is cleaved from H2B that is still bound to FACT. Because the DUB module almost exclusively contacts H2A/H2B, we tested whether H2A/ H2B-Ub alone is a substrate for the DUB module. As shown in Fig. 4A , the DUB module efficiently cleaves ubiquitin from H2A/H2B-Ub heterodimers, albeit about a factor of 5 to 10 more slowly than nucleosomes under the same conditions. We next asked whether FACT binding to the H2A/H2B-Ub heterodimer interferes with DUB module access to H2B-Ub. Structures of the FACT Spt16 subunit (26) and Spt16-C peptide bound to an H2A/H2B heterodimer (27) FACT and found that the DUB module could cleave ubiquitin from H2B (Fig. 4B and fig. S10 ). The rate of H2A/H2B-Ub deubiquitination was somewhat higher in the presence of FACT and is comparable to the rate at which the DUB module deubiquitinates nucleosomes (Fig. 4B) . FACT has no effect on the relative rate at which ubiquitin is cleaved from nucleosomes ( Fig. 4B) , thus ruling out a direct effect of FACT on intrinsic DUB module activity. Our results indicate that the SAGA DUB module can remove ubiquitin from either intact or disassembled nucleosomes and is therefore capable of acting at multiple points as RNA polymerase transcribes through a chromatin template.
Our study provides a framework for understanding global interactions between the SAGA complex and nucleosomes. In addition to the DUB module, SAGA also contains a~180-kDa subcomplex called the histone acetyltransferase (HAT) module comprising Gcn5, Ada2, Ada3, and Sgf29 (28), which acetylates histone H3 N-terminal tails (29) . The DUB module is located distal to the DNA entry and exit points, where the H3 tails targeted by the HAT module protrude, thus leaving much of the H3/H4 surface exposed and available for interactions with the HAT module or with other SAGA subunits (Fig. 1B) . A recent cryo-electron microscopy study of SAGA shows the DUB and HAT modules adjacent to one another, where they could simultaneously engage the same nucleosome (30) . The Sgf73 SCA7 domain (residues 209 to 280), a nonspecific DNA binding domain that is not present in the fragment used in our crystallographic study, is located between the DUB and HAT modules, where the SCA7 domain could potentially help to position a nucleosome. However, we note that the reported positioning of an unmodified nucleosome relative to the DUB module in intact SAGA (30) does not agree with our structure. Given the large contribution of the ubiquitin modification itself to the total interface between ubiquitinated nucleosomes and the DUB module, docking of the DUB module in a manner that mimics the catalytically competent complex is likely predicated on the presence of ubiquitinated H2B.
The structure of the yeast SAGA DUB module bound to ubiquitinated nucleosomes provides a basis for understanding how the human SAGA DUB module engages its H2B-Ub substrate in a chromatin context. The human DUB module comprises USP22, ATXN7L3, ATXN7, and ENY2, homologs of yeast Ubp8, Sgf11, Sgf73, and Sus1, respectively (31) . The key residues implicated here in yeast DUB module function, including a threearginine cluster on Sgf11 and residues Y233 and R374 in Ubp8, are conserved in ATXN7 and USP22, respectively. Our structure also accounts for the recent report that H2B deubiquitination by the SAGA DUB module is regulated in both humans and yeast by a newly discovered histone modification, phosphorylation of H2A-Y57/58 (human/yeast) (32) . This H2A residue lies at the DUB module-nucleosome interface in our structure, where it could readily interfere with the observed docking of the DUB module on H2A/H2B (fig. S12) . Further studies will be needed to interrogate the mechanistic details of how H2A-Y57/58 phosphorylation influences DUB module activity. Coordinates In response to growth signals, mechanistic target of rapamycin complex 1 (mTORC1) stimulates anabolic processes underlying cell growth. We found that mTORC1 increases metabolic flux through the de novo purine synthesis pathway in various mouse and human cells, thereby influencing the nucleotide pool available for nucleic acid synthesis. mTORC1 had transcriptional effects on multiple enzymes contributing to purine synthesis, with expression of the mitochondrial tetrahydrofolate (mTHF) cycle enzyme methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) being closely associated with mTORC1 signaling in both normal and cancer cells. MTHFD2 expression and purine synthesis were stimulated by activating transcription factor 4 (ATF4), which was activated by mTORC1 independent of its canonical induction downstream of eukaryotic initiation factor 2a eIF2a phosphorylation. Thus, mTORC1 stimulates the mTHF cycle, which contributes one-carbon units to enhance production of purine nucleotides in response to growth signals.
T he mechanistic target of rapamycin complex 1 (mTORC1) kinase integrates diverse growth signals to control nutrient-consuming biosynthetic processes, such as protein and lipid synthesis (1). mTORC1 also acutely stimulates the de novo synthesis of pyrimidine nucleotides through a posttranslational mechanism leading to increased intracellular pools of pyrimidines available for RNA and DNA synthesis (2, 3). Whether mTORC1 also influences
